ruination of chlorophyll per unit volume of cells, are all described in a preceding paper (Emerson, 1929) and need no discussion here.
II.
The Rate of Photosynthesis as a Function of Light Intensity at Different
Concentrations of Chlorophyll.
The rate of photosynthesis as a function of the light intensity has been studied by numerous workers (e.g., Pantanelli, 1903; Blackman and Matthaei, 1905; Blackman and Smith, 1911; Warburg, 1919; Harder, 1921) . The curve published by Warburg (1925) may be taken as typical. The rate of photosynthesis increases first rapidly with increasing light intensity, then more slowly. At very high light intensities the rate of the process is practically independent of this factor. Willst~tter and Stoll (1918) state that to bring the rate of photosynthesis to this maximum, a higher intensity of light is required for yellow leaves than for green leaves. They plot (p. 149) rates of photosynthesis as ordinates against intensity in lux as abscissa4 for leaves of normal and yellow varieties of the elm. Their figure shows that at an intensity of about 24,000 lux the curve for green leaves has bent over parallel to the abscissa, while the curve for yellow leaves is still rising. Their explanation of this is that the chlorophyll in the upper cells of the greener leaves screens the chlorophyll of the lower cells, preventing the latter from reaching their full capacity. The chlorophyll of the upper cells is assumed to be supplied with more light than it can use, even at lower intensities. This would account for a lower efficiency of greener leaves, but could hardly explain the observation that green leaves reach their maximum rate of photosynthesis at a lower intensity of light than yellow leaves. One would rather expect the reverse to be the case, since in yellow leaves there would be very little screening of the lower cells, and all the chlorophyll should receive as much light as it could use at a relatively low intensity. Willst~ttter and Stoll were unable to get an intensity high enough to cause maximum photosynthesis in the yellow leaves. By bringing their lamp very dose to the assimilation chamber they achieved intensities of about 75,000 lux, but at the same time they could not avoid overheating the leaves.
The writer used an arrangement already described (1929) whereby intensities of over 100,000 lux were obtainable without overheating the cell suspension. The rays of a tungsten ribbon lamp running at 6 volts and about 17 amperes were collected by means of a lens, made nearly parallel, and directed to the assimilation vessel with mirrors. The vessel was filled with a thin cell suspension (10 to 20 c.mm. of cells in 7 cc. of carbonate-bicarbonate mixture) so that danger of heating through excessive absorption of light was avoided; the temperature was kept constant to within 0.1°C. With such thin suspensions, the rate of reduction of carbon dioxide is directly proportional to the number of cells used, showing that all cells are practically equally illuminated.
The usual method of varying the intensity of the light by changing the distance of the source from the assimilating cells is unsatisfactory at best, because no source can be regarded as a "point source of light," and the nearer it is placed the greater is the deviation from the inverse square law. The method was inapplicable here because parallel light was used. To vary the intensity, non-selective filters of known transmissivity were used. They were sheets of gelatine containing different amounts of carbon, and cemented between parallel sided pieces of colorless glass. For the visible spectrum these filters are non-selective. A set transmitting 5, 10, 25, 50, and 75 per cent of the incident light was used. By using these singly or combined in pairs, the unscreened light intensity of over 100,000 lux was stepped down to 1/400 of this value in seven steps.
The rate of photosynthesis was measured over three successive 5 minute periods at each light intensity. A measurement of respiration, in the dark, followed these three determinations. It was found that the rate of respiration was independent of the intensity of the immediately preceding illumination, so a uniform correction for respiration was made. To a~coid the necessity of making a correction for decrease in rate of photosynthesis with time, a fresh set of cells was used at each intensity of light. During an experiment the stock suspension was kept in the refrigerator. Suspensions may be kept in the refrigerator for 36 hours or longer without having their photosynthetic capacity at 20°C. impaired or altered. An adapting time of 15 minutes was found to be sufficient at all light intensities.
From each culture studied, a sample of cells was extracted with methyl alcohol, and the extract made up to 25 cc. The extinction coefficient ~670 was determlned with a K6nig-Martens spectrophotomcter. e represents the relative chlorophyll content per 10 c.rnm. of cells. Qo2, the number of cubic millimeters of oxygen produced per hour by 10 c.mm. of cells, representing the rate of photosynthesis, wasp lotted against the logarithm of the relative light intensity. The usual method of plotting rate directly against intensity spreads the curve out unnecessarily along the abscissa, and the semilogarithmic plot is more comprehensible.
A large number of experiments were performed, with slight variations in procedure. The results from these individual series led al-ways to the conclusion that photosynthesis reached its maximum rate at about the same intensity of light, no matter what the chlorophyll content. This is illustrated for two extremes of chlorophyll content in Fig. 1 . The value of ~ for the upper curve is 0.099, for the lower curve 0.026. The coordinates of the points in Fig. 1 are given in Table I , and a summary of the experimental details is given in Table  V . The figure shows that both curves bend over toward the abscissa at about the same intensity of light, although they rise to very dif- ferent heights. It must be remembered that the scale of the abscissa is logarithmic. The flatness of the tops of these curves would be even more evident in a direct plot. It is interesting to note the shapes of these two curves. They are quite dissimilar, and the upper one cannot be produced by multiplying the bottom one by a constant. The curves start at about the same level, showing that at low light intensities the same amount of photosynthesis may be carried on by much or little chlorophyll. The chlorophyll is more efficient when dilute.
This gives us a key to the concentration of chlorophyll in the plastid.
If we should vary the amount of chlorophyll in the suspension, instead of chloroph3rll content per unit volume of cells, we could make two curves using different amounts of cells alike in chlorophyll content. This would give us two exactly similar curves with ordinates the same distance apart from end to end. Nevertheless, the amount of chlorophyll for the lower curve might have been the same as for the lower curve of Fig. 1 , only it would be differently distributed in the chloroplasts. The difference in shape of the curves in Fig. 1 is attributable to a difference in the state or condition of the chlorophyll in the plastid.
These curves bring out another point which seems to have escaped notice heretofore. At very low light intensities (about 500 lux) the rate of photosynthesis is relatively independent of changes in intensity. At intensities of over 1000 lux, the rate of the process varies rapidly with intensity, and again at very high intensities (around 75,000 lux) the rate becomes comparatively independent of the light intensity. The behavior of the process at intensities above 1000 lux is well knowr/, but it seems that measurements below this value are wanting.
The finding of Willst~itter and Stoll that the maximum rate of photosynthesis requires a higher light intensity at lower chlorophyll concentrations must have been due to other differences in their material.
III.

The Rate of Photosynthesis as a Function of Temperature at Different
The curves shown by Willstiitter and Stoll (1918, p. 155) indicate that leaves poor in chlorophyll are much less sensitive to temperature than greener leaves. Their temperature coefficients for green leaves run above 0.2 higher than for yellow leaves. They say that although both types of leaf are equally well equipped with the "protoplasmic factor," on which it is supposed that temperature acts, the leaf poor in chlorophyll cannot absorb light energy fast enough to keep pace with the "protoplasmic factor" at higher temperatures. This explanation is in accordance with Blackman's view of photosynthesis as a process the rate of which is determined by that factor which is most wanting (F. F. Blackman, 1905) . He recognized that the rate of photosynthesis is affected by temperature at high light intensities only. This has been taken to indicate that at least two fundamentally different reactions are involved in the process of photosynthesis. One of them, a photochemical reaction, depends for its pace on the light intensity, and is not perceptibly affected by temperature. The other reaction is purely chemical, and is markedly affected by temperature. The effect of temperature on the rate of photosynthesis is not manifest until light of sufficient intensity is used to make the photochemical reaction exceed the chemical reaction in speed. The chemical reaction is usually designated as the "Blackman reaction,"
and it is supposed to be enzymatic in nature (cf. Warburg, 1925) .
Willstiitter supposes that in his leaves with low chlorophyll concentrations the photochemical reaction is slower than the Blackman reaction, even at high light intensities. If this explanation is complete and correct, it should be possible to separate the Blackman reaction from the photochemical reaction by changing the chlorophyll content as well as by changing the light intensity. Warburg (1925) gives a condensed summary of the characteristics of the Blackman reaction and the photochemical reaction. The characteristics of the former appear when photosynthesis is studied at high light intensities, of the latter when the process is studied at low light intensities. As pointed out already, the most distinctive characteristic of the Blackman reaction is its sensitivity to changes in temperature, to which the photochemical reaction is relatively insensitive. Another distinguishing feature of the Blackman reaction is that it is easily inhibited by dilute prussic acid, the photochemical reaction being relatively insensitive to the same concentrations of prussic acid.
Extremes of light intensity presumably bring about the characteristics of one reaction or the other by making the photochemical reaction slower or faster than the Blackman reaction. It should be possible to achieve the same effect by using different amounts of chlorophyll, the substance absorbing the light. The results of Willstutter and Stoll outlined above suggest that this is the case. But it seems desirable to compare their results with some obtained from more nearly comparable material.
The published data on the rate of photosynthesis at different temperatures is not adequate for a comparison of this sort. The results of Blackman and Matthaei and of Willst~tter and Stoll are open to the objection that the temperature of the assimilating cells cannot be accurately determined in leaves. Harder (1915 ), Warburg (1919 ), and Yabusoe (1924 avoided this difficulty by working with water plants. But Harder's results are inexact because he used light intensifies and carbon dioxide concentrations which were too low to cause maximum photosynthesis at the higher temperatures. His curves show that increasing either of these factors caused an increase in rate, whereas in order to study the Blackman reaction, carbon dioxide concentration and light intensity must be so high that the rate of photosynthesis is independent of small changes. Besides, Harder allowed the temperature to vary a degree or more during some readings.
The experiments of Warburg and Yabusoe on ChIorella are not open to these technical objections. But their readings are taken so far apart on the temperature scale that it is not possible to determine what sort of function of temperature the Blackman reaction is. Yabusoe, for instance, gives readings taken at 10 °, 20 °, and 30 °, and finds that when the rate of photosynthesis is plotted against degrees Centigrade these three points lie on a straight line. Since the points are so few and widely separated, his conclusion that the Blackman reaction is a linear function of the temperature seems hardly justified.
It is necessary therefore to determine how the Blackman reaction of normally green cells varies with the temperature, in order to have something with which to compare the effect of changes in temperature on the rate of photosynthesis of cells poor in chlorophyll.
The measurements of rate of photosynthesis were carried out in the carbonate-bicarbonate mixture as before. At lower temperatures the dissociation constants for the salts in this mixture are smaller, and the carbon dioxide concentration is lower. However, it was found that at the lowest temperatures used this mixture still gave an adequate concentration of CO2. The rate of photosynthesis remained independent of small changes in CO2 tension.
A description of the apparatus for temperature control will be found in a paper by Crozier and Stier (1927, p. 503) . Temperature was regulated by a sulfur dioxide compressor, activated by a mercury thermoregulator through two telegraph relays. The temperature wa~ kept constant at any chosen temperature to within -4-0.05 °. A fresh sample of cells was used for each rate determination, the stock cell suspension being kept in the refrigerator. Unless the temperatures chosen were less than 2 ° apart, respiration was determined at every temperature. For temperatures less than 2 ° apart, respiration was measured at alternate temperatures, and the intermediate values were interpolated. An adapting time of 15 minutes was found to be sufficient at all temperatures.
Many determinations of rate of photosynthesis were made, at various intervals between 4 ° and 30 ° . The most satisfactory method of making the determinations was arrived at after numerous trials, but a summary of all the data obtained suggests nothing at variance with the conclusions drawn from the data finally secured by the most satisfactory method. If this equation is satisfied, the rate or frequency, when plotted against the reciprocal of the absolute temperature should give a straight line whose slope is ~, a constant found to have characteristic values for certain types of reactions and processes. Fig. 2 shows the data of Table II Castle, 1928; Crozier and Stier, 1927; Wolf, E., 1928; Brown and Crozier, 1927. equation. The points do not lie on a straight line, but rather on a curve which is concave downwards. The equation is apparently not satisfied. The value of u decreases gradually from about 31,000 at low temperatures to about 16,000 at high temperatur4s. Hinshelwood (1926, p. 47) states that if a curve instead of a straight line is obtained from this sort of a plot, it may be concluded that the rate is being determined by the sum of the rates of two or more parallel reactions having different temperature characteristics. He cites as an example the case investigated by Norrish and Rideal (1923) of the combination of sulfur and hydrogen. This takes place in a gas reaction, for which -52,000, and a surface reaction on the walls of the container, for which g = 26,000. Hinshelwood's plot of the data of Norrish and Rideal shows a curve which is concave upwards. It is difficult to see how this could be otherwise, since the higher the temperature the more the reaction with the higher temperature characteristic will predominate. Since the temperature characteristic for photosynthesis decreases with rising temperature, it seems unlikely that the case can be explained in the same way as that of Norrish and Rideal. Crozier (1926) in a paper on growth in relation to temperature shows several curves of the logarithm of the rate plotted against lIT. They show a uniform tendency to be concave downward, which he suggests is consistent with the autocatalytic nature of the process of growth. If a monomolecular reaction is catalyzed by its end-product, then raising the temperature will affect not only the primary reaction, but also the catalysis of the reaction by its end-product. If the temperature characteristics of these reactions differ numerically, then the curve of the logarithm of the rate of the entire process plotted against 1/T must necessarily be concave downward. It is therefore suggested that the process of photosynthesis may involve an autocatalytic reaction, in which the temperature characteristic for the catalysis differs from the temperature characteristic for the simple reaction.
It is of interest to know whether the shape of the temperature curve will be altered by reducing the chlorophyll content per unit volume of cells. As mentioned above, changing the light intensity does produce a change in the shape of the temperature curve. Fig. 3 shows three curves made with three sets of cells differing widely in chlorophyll content. The coordinates of the points in Fig. 3 are given in Table III . For curve A, , = 0.101, for curve B, ¢ = 0.048, and for curve C, ¢ = 0.016. Curves A and B are strictly comparable. Curve C was made from a culture of a different series. The highest point on curve C was obtained at 27 °, a temperature higher than was ordinarily used. Temperatures above 25 ° are injurious to cells suspended in the carbonate mixture. Their capacity for photosynthesis is impaired after short exposures. This probably accounts for the low position of the top point of curve C.
All three curves have about the same shape, showing that the effect of temperature change on the rate of photosynthesis is the same over this range of chlorophyll concentrations. Decreasing the rate of photosynthesis by lowering the chlorophyll content does not produce the same change in this characteristic of the process as decreasing the rate by lowering the light intensity.
III.
The EO'ect of Prussic Acid on the Rate of Photosynthesis with Different
As mentioned in the preceding section, the Blackman reaction is characterized by sensitivity to dilute prussic acid, as well as to changes in temperature. Warburg (1919) found that with decreasing light intensity this sensitivity to prussic acid vanished. In view of the response of photosynthesis to changes in temperature at low concentrations of chlorophyll, it cannot be expected that inhibition of the process by prussic acid will decrease with decreasing chlorophyll content.
Experiments were made by adding free HCN to cells suspended in a solution containing the same salts as the culture medium (KH2PO4, KNO3, MgSO,), or by adding KCN to cells suspended in the carbonate mixture. Both methods produced the same result. The experiments in the carbonate mixture are simpler, and they alone need be described.
When potassium cyanide is added to the carbonate mixture, the concentration of free prussic acid will depend on the amount of cyanide added, on the temperature, and on the hydrogen ion concentration of the solution. Following Warburg, we shall write C = total cyanide concentration, H = hydrogen ion concentration, K = dissociation constant of HCN at the temperature of the experiment, X = concentration of free HCN Then,
CYH
In these experiments a cyanide concentration of 2 × 10 -6 moles per liter was used. This gave a prussic acid concentration of about 9 X 10 -s normal.
In each experiment two vessels were used, one without cyanide, the other containing KCN = 2 X 10 -5 normal, each vessel containing the same quantity of cells. Thin suspensions were used, and high light intensity was obtained from a 300 watt lamp, immersed in the thermostat directly below the vessels. The light of the tungsten ribbon lamp previously used could not be satisfactorily spread out over two vessels.
x
(1)
H+K"
Warburg sets// --i0 -9"~8 at 25°C. for the carbonate mixture used in these experiments (Warburg's mixture No. 9). No change in pH could be detected with indicators over a wide range of temperature, so the value at 20 ° cannot differ appreciably from this figure. Landholt-BSrnstein (1912 , p. 1138 gives K = 4.7 X 10 -l° at 18 ° and K = 7.2 × 10 -1° at 25 °. Interpolating, K = 5.4 X 10 -'° at 20 °. Substituting these values in (1), we find that at 20 ° c 2.25 Table IV gives the results of one experiment. As the chlorophyll concentration decreases from 0.831 to 0.037, the inhibition by HCN increases from 25 to 40 per cent. Lowering the chlorophyll concentration thus reverses the effect of lowering the light intensity. The sensitivity to prussic acid increases instead of decreasing. Photosynthesis continues to show the characteristics of the Blackrnan reaction when the chlorophyll content per unit volume of cells is lessened, although when the light intensity is cut down the process loses these characteristics. The immediate effect of decreasing either the light intensity or the chlorophyll content is to decrease the rate of photosynthesis. It is supposed that decreasing the light intensity alters the characteristics of the process of photosynthesis because it cuts down the rate of the photochemical reaction while leaving the Blackman reaction unaffected. The Blackman reaction, then, cannot go faster than the photochemical reaction, and the characteristics of the former cease to appear when the process is studied a~ a whole. Decreasing the amount of chlorophyll present must also cut down the rate of the photochemical reaction, because chlorophyll is the agent which absorbs the necessary energy for that reaction. But because the characteristics of the Blackman reaction still remain in evidence, it must be supposed that chlorophyll plays a part in that reaction as well as in the photochemical reaction. Unless the concept of photo- 
